Abstract -The purpose of this study was to evaluate the radiation dose delivered to radiosensitive organs (thyroid, parotid glands and eye lens) during dentomaxillofacial imaging with multislice computed tomography (CT), cone beam CT (CBCT) and panoramic radiographs (orthopantomography, OPT). The dose was estimated individually for each modality and each clinical protocol by measuring the absorbed dose at the surface of a head phantom with thermoluminescence dosimeters. The measured radiation dose was between 0.01-1.22 mGy for the thyroid gland (systematically outside the primary beam), 1.34-29.11 mGy for the parotid glands (systematically exposed to the primary beam) and 0.02-26.22 mGy for the eye lens (in the primary beam depending on imaging protocol). For all organs, CT was found to be the most irradiating modality followed by CBCT and OPT. However, CBCT with a "limited dental" protocol and OPT deliver similar doses to the parotid glands.
Introduction
Dentomaxillofacial examinations using X-rays have an important role in treatment planning, monitoring disease progression and assessing treatment efficacy. Performing dentomaxillofacial radiologic examinations results in irradiation of the thyroid gland, parotid gland and eye lens due to direct exposure to the X-ray beam or due to scatter irradiation. A large number of treated patients are children and young adults. Since only no exposure to X-rays can be considered free of risk, in particular for children (Pierce and Preston, 2000; Brenner, 2002) , health professionals have the responsibility to ensure that the diagnostic value is maximized and the radiation doses are kept as low as reasonably achievable (European Commission, 2012) .
Exposure of radiosensitive organs is influenced by the radiological modality used and the specific protocol applied. As a consequence, the choice of the modality is a very important issue. Panoramic radiography (orthopantomography, OPT) has been long considered as the examination method of choice for a variety of dental and maxillofacial applications. Compared with intraoral radiographs, OPT offers rapid overview of the dental arches, as well as detailed depiction of critical anatomical structures. However, this twodimensional projection gives no information on bone thickness and provides less detailed information than bite-wing or intraoral radiographs (Muhammed and Manson-Hing, 1982) . In addition, due to improper patient positioning and suboptimal image quality, OPTs can lead to diagnostic errors in a significant number of cases (Granlund et al., 2012) . When risks of misdiagnosis and therapeutic uncertainties are present, three-dimensional information is required. Computed tomography (CT) allows extremely rapid data acquisition with excellent image resolution of the facial bones, skull base and dental structures. CT is used for the planning of interventions in the maxillofacial field, to anticipate surgical difficulties and to adapt the therapeutic strategy. However, despite recent technical advances, CT acquisitions have been traditionally associated with a relatively high radiation burden in comparison to cone beam CT (CBCT). Due to its low cost and easy accessibility, CBCT is currently performed for a variety of maxillofacial and dental applications, such as preoperative implant planning, pre-operative imaging of impacted teeth, cysts and cyst-like lesions, and assessment of endodontic pathology (Guerrero et al., 2006; De Vos et al., 2009) . The recent review and meta-analysis on CBCT by Ludlow et al. (2015) presents dose evaluation of dental imaging CBCT units (Ludlow et al., 2015) . Although several publications have compared the radiation exposure of CT, CBCT and OPT, these articles have mainly focused on the total radiation exposure or have often compared radiation exposure based on protocols covering different anatomical areas.
The aim of the current study was to evaluate the radiation exposure of specific organs at risk applying similar volume coverage with CT, CBCT and OPT. Indeed, only organ or tissue radiation absorbed dose should be used for assessing the potential detriment for a patient. Effective dose has been first introduced by the ICRP to set limits for radiation protection and not to estimate future patient cancer risk from specific sources of radiation exposure (Fisher and Fahey, 2017) . However, it could be used for comparing typical doses from different modalities, but this goes beyond the scope of the study.
Materials and methods
In this study, we compared three imaging systems in terms of organ dose levels for dentomaxillofacial examinations: a 64 multi-slice CT scanner (SIEMENS Somatom Definition Flash, Siemens, Erlangen, Germany), a CBCT (NewTom VGi, Quantitative Radiology, Verona, Italy) and an OPT (PlanMeca Promax S3, Planmeca, Helsinki, Finland). All systems had imaging protocols specifically developed for dentomaxillofacial examinations in clinical routine, providing the necessary image quality for diagnostic purposes and covering the same imaging volumes. Therefore, image quality was not specifically assessed during this study.
The dose at the entrance of three different radiosensitive organs (thyroid gland, parotid glands and eye lens) was evaluated. For this purpose, thermoluminescent dosimeters (TLDs) were taped on the surface of a phantom consisting of an adult skull embedded in transparent resin attached to a torso phantom of plastic containing all bone structures. In total 6 positions were considered, two for each organ (left and right). We are aware that the dose evaluated at the organ surface is a conservative approach and leads to slight overestimation of the exact dose value (ICRU, 2005) which depends on the beam quality. The chosen approach is, however, appropriate for the comparison between the different imaging modalities and protocols.
TLD-100 were used (Li nat F, from Harshaw-Poland) to measure the absorbed dose. They were calibrated in an outside facility according to the accredited procedure. The energy correction factor of 0.77 was applied for measurements performed using CT and CBCT and of 0.70 for OPT, respectively.
The clinical protocols evaluated in the current study are routinely used in dentomaxillofacial imaging in our institution and provide adequate and similar image quality for the purpose of the respective clinical question. Protocol parameters are described in Table 1 . Two CT protocols were available: a protocol referenced as "facial bones" covering the entire facial skeleton and with a large field of view (FOV), and a protocol referenced as "dental" covering only a small volume for limited dental assessment. Regarding CBCT, we use two dedicated protocols in clinical routine: a large FOV protocol registered under the name of "full" (Bornstein et al., 2014) , and a medium size FOV protocol called "zoom" (Bornstein et al., 2014) . A single protocol exists and was used for OPT (Tab. 1). The irradiation fields have been indicated for each modality and protocol on the phantom skull used for the measurements in Figure 1 . The values indicated in: first row correspond to kilovolt; second row correspond to milliAmpere second; third row correspond to pitch (only for CT); fourth row correspond to Field Of View ("D" stands for diameter, "H" stands for height.); last row correspond to the volume computed tomography dose index CTDI vol for the CT and CBCT modalities and to the dose area product (DAP) for the OPT modality, respectively. In order to reduce the uncertainty regarding the measured dose, repeat acquisitions were performed with the same set of TLDs for each modality and for each protocol. In total, 3 acquisitions were obtained for each CT protocol, 5 for each CBCT protocol and 10 for OPT. The measured values were subsequently normalized to be representative of the doses delivered for one single examination. The measurement error was evaluated to 10% (k = 2) for all modalities. Regarding OPT examinations, further measurements were performed over the period of this study in order to evaluate the homogeneity of the dose distribution. For those measurements, a raw of 5 TLDs spaced 2 cm was placed at each parotid gland.
Results
The absorbed dose at each radiosensitive organ considered in this study measured on the phantom's surface is shown in Figure 2 . Values are given for a single examination and for each modality and protocol. Because of the phantom used, the obtained values are representative for an adult.
For all organs and modalities, a left (L)/right (R) symmetry was noted. In all cases, the observed deviations were comparable with the error associated to the measurements performed with TLDs (estimated at 10%, not including errors due to slight differences in positioning).
The thyroid was the only organ systematically placed outside the primary beam. Its dose varied depending on the modality and protocol used. The largest dose values for this organ were obtained with CT, independently of the protocol chosen, with a maximum value = 1.22 mGy. The lowest value was obtained with OPT (0.01 mGy). The thyroid gland was clearly the least exposed organ among all studied organs.
The parotid gland was the only organ systematically located inside the primary radiation beam. Its exposure depended, as for the other organs, on the modality and the protocol used. The highest dose was measured at CT (highest value = 29.11 mGy) obtained for the protocol "facial bones". For CBCT, parotid gland exposure was lower than with CT but it also strongly depended on the protocol used. The protocol "zoom" delivered the lowest dose (mean value = 1.44 mGy), which was equal to the mean dose received by this organ during OPT. The values for the parotid glands with OPT were the mean values of 5 TLDs at each parotid position. Indeed, for the OPT, the dose distribution around the parotids was found very inhomogeneous, with doses up to 45 times higher among two TLDs placed 2 cm apart as seen in Figure 3 . For the OPT, the dose-width product (DWP) was evaluated by dividing the DAP value delivered by the equipment, by the slit length at the detector (Doyle et al., 2006) .
The eye lens was in the primary beam for the CT protocol "facial bones" and for the CBCT protocol "full". In these two cases, the doses were, as expected, higher than the ones observed for the other two protocols and for OPT. The highest dose was seen with CT (mean value = 25.46 mGy). When the lens was in the scattered beam, the trend was similar (higher dose with CT in comparison to CBCT and OPT, Fig. 2) . OPT delivered the lowest dose to the eye lens (mean value = 0.02 mGy). This also demonstrates the importance of choosing the correct FOV for dose optimization (Pauwels et al., 2012) . In order to better compare radiation doses, the dose ratio was computed for the three organs at risk, for the different modalities and for the different protocols (Tab. 2).
Discussion
The absorbed doses measured at the phantom surface at the thyroid level were considerably lower than doses obtained for the other organs. For all modalities and protocols evaluated in this study, the thyroid was systematically outside the field of imaging and consequently was the only organ exposed to scattered radiation. However, the highest dose to the thyroid was measured for the "facial bones" protocol with CT. This can be explained by the proximity of the thyroid to the imaging area and hence, its proximity to the primary beam. In addition, the large beam of the CBCT compared to the slit beam of the OPT might be part of the explanation. For CT, measured doses were 6 to 10 times higher than for CBCT, and the lowest doses received by this organ were seen with OPT. The values we obtained for the thyroid, when irradiated with the CBCT protocol "full" are comparable to those reported by Al Najjar et al. (2013) .
The parotid glands were the only organs systematically located in the primary beam area. For CT, the doses were 6 to 20 times higher than with all other modalities for the "facial bones" protocol and 9 times higher for the "dental" protocol. Our findings are in accordance to the findings reported by Suomalainen et al. (2009) . The dose ratios CT/CBCT obtained in the current study varied between 6 and 9 and are again comparable to those reported by Suomalainen et al. (2009) . We observed that the dose to the parotid glands was strongly influenced by the chosen protocol. The impact of a specific protocol on the parotid gland dose was also observed for CBCT, where the absorbed dose levels were 3 times higher for the "full" protocol than for the "zoom" protocol, the latter being similar to doses delivered by the mean values obtained with the OPT. However, as already mentioned, we observed that the OPT system tends to have strong dose inhomogeneity at the parotid level. The DWP value indicated by the equipment of 80 mGy.mm is compatible with the 76 mGy.mm reference value given by Williams and Montgomery (2000) and by Manousaridis et al. (2015) . The reason for this inhomogeneity is the elliptical OPT trajectory, implying a higher intensity at the level of the temporomandibular joint. If instead of considering the mean dose among the 5 TLD placed at the parotid level, the highest dose value is considered for comparison between the two modalities, the level of parotid exposure obtained with OPT is comparable with the most irradiating CBCT protocol (protocol "full"). To the author's knowledge this specificity of the OPT has never been mentioned before.
Regarding the eye lens, this organ is located outside of the examination area for OPT, for the CT protocol "dental" and for the CBCT protocol "zoom". For this case where the eye lens is in the scattered field, the OPT delivers the lowest dose, CBCT follows with 13 times higher dose and the highest dose (approximate 12 times higher than CBCT) is obtained for CT. For the CBCT protocol "full" and for the CT protocol "facial bones", the eye lens is located in the field of examination and the radiation doses are ranging from 5.03 mGy to 26.22 mGy for each modality respectively. In this case, the dose of CT is only 5 times higher with respect to the dose delivered by CBCT. The values we obtained with CBCT are comparable with the range of dose values (0.03-16.7 mGy) reported by Pauwels (2015) . In the case of a pediatric patient, the eye lens would potentially be in the primary beam for all modalities and protocols.
Conclusion
Due to its position systematically outside de primary beam, the thyroid is the least exposed organ for all modalities and protocols. In the contrary, the parotid is the organ systematically exposed for all modalities and protocols. Its dose depends on the modality and protocol chosen. The highest radiation exposure corresponds to CT examinations followed by CBCT with the protocol "full". OPT together with the CBCT protocol "zoom" deliver the lowest dose values. For the eye lens, when the eye lens is located outside the primary beam the most irradiating modality is CT, followed by CBCT and OPT. When the organ is placed inside the primary beam, the same trend is observed excluding OPT since for this modality the eye lens is systematically outside the primary beam. Table 2 . Dose ratio for all three organs and for the different modalities. The values correspond to the mean values among the left/right organs and have been rounded to an integer.
Organ
CT "facial bones"/OPT CT "dental"/OPT CBCT "full"/OPT CBCT "zoom"/OPT
CT "facial bones"/ CBCT "full"
CT "dental"/CBCT "zoom "   Thyroid  100  49  16  5  6  10  Parotid  20  9  3  1  6  9  Eye lens  1514  151  302  13  5  12 
